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We designed a chlorophyll dyad that folds like a closed pair of
scissors. Despite possessing identical interaction sites to its monad
counterpart, the folded dyad exhibited markedly enhanced aggre-
gation behavior, forming micrometer-scale helical nanofibers. We
propose that this enhanced aggregation propensity upon dimeriza-
tion arises from conformational fixation through folding.

The extraordinary self-organization properties of proteins ori-
ginate from their intricately folded tertiary structures. Through
precise intrachain interactions, one-dimensional polypeptide
chains undergo a remarkable transformation into supramolecular
monomeric units whose shapes, polarities, and interaction sites are
exquisitely and three-dimensionally organized.’ This mechanism
of (macro)molecular preorganization prior to self-assembly, ele-
gantly exemplified by biomacromolecules, offers profound inspira-
tion for the rational design of synthetic systems aimed at
constructing tailored nano- to mesoscale architectures.>”

In pursuit of this principle, we have investigated ‘‘scissor-
shaped” homo-dyads of functional molecules that undergo
folding before self-assembly.® These dyads, consisting of -
conjugated molecules linked by xylene spacers bearing long
alkyl chains, fold wvia intramolecular hydrogen bonding
between amide groups and n-m stacking interactions. This
folding confers two distinctive features. First, the resulting
wedge-shaped geometry facilitates self-assembly into specific
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nanostructures not only helically extended nanofibers”® but
also nanotoroids® and nanotubes.'®*® Second, the folded
dyads exhibit supramolecular chirality; specifically, introducing
chiral side chains induces either left- or right-handed scissor-
shaped conformations, and this conformational chirality is
transferred to chiral toroidal and tubular nanostructures'®
and one-dimensional supramolecular polymers.™

In this study, we investigated a previously unexplored
aspect: the intrinsic self-assembly propensity of the folded
dyads. If these scissor-shaped dyads were to assemble in an
open conformation,**® their four n-conjugated surfaces would
theoretically result in a higher aggregation propensity com-
pared to the corresponding monad reference. However, as they
actually adopt a folded conformation, only two m-conjugated
surfaces remain accessible for intermolecular association, a
situation equivalent to that of the monad reference. Addition-
ally, intramolecular hydrogen bonding effectively sequesters
one pair of N-H and C=0O sites, thereby restricting intermole-
cular interactions to a single N-H and C=—O0 pair—once again
paralleling the monad reference. Despite these structural simi-
larities, only the dyad exhibits markedly enhanced self-
assembly behavior.™

To elucidate the role of folding in self-assembly, we synthe-
sized a chlorophyll-based scissor-shaped dyad, Chlg and com-
pared its self-assembly behavior with its monad counterpart,
Chl,, (Fig. 1). Chlorophyll derivatives exhibit rich changes in
their electronic absorption spectra upon n-stacking, an effect
particularly pronounced in their Q, absorption bands."”
Furthermore, owing to the intrinsic asymmetric centers at the
17 and 18 positions, the chlorin scaffold induces strong supra-
molecular chirality, enabling investigation of their aggregation
by circular dichroism (CD) spectroscopy.'® Our results reveal
that while Chl,, fails to form any well-defined aggregates, Chly
assembles into extended, left-handed helical fibers (Fig. 1a).
Remarkably, the superior self-assembling propensity of the
dyads persists even when the chlorin core is replaced with a
porphyrin scaffold, underscoring the generality of folding-
induced supramolecular polymerization.
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Fig. 1 (a) Molecular structure of Chly and schematic representation of its

self-assembly process to form helical nanofibers. (b) Molecular structures
of reference compounds Chl,, and Poryg.

Chly and Chl,, were synthesized and characterized by *
and C NMR spectroscopy as well as mass spectrometry
(Scheme S1, ESIT). The self-assembly behavior of these mole-
cules in methylcyclohexane (MCH) was investigated using
variable-temperature UV/Vis absorption and CD spectroscopy.
At 100 °C, both Chly and Chl,, (¢ = 100 uM) exhibited almost
identical absorption spectra, showing Soret and Q, bands at 414
and 691 nm, respectively (Fig. 2a and b, red lines). This
observation indicates the absence of intramolecular electronic
interaction between the two chlorin chromophores of Chly in
the monomeric state. Upon cooling the solutions to 20 °C at a
rate of 1 °C min?, the Q, band of Chlq exhibited a batho-
chromic shift and split into two distinct absorption bands (J-
bands) with maxima at 708 and 728 nm (Fig. 2a, blue line).
Such spectral changes are indicative of the formation of two
distinct J-type (slipped) stacking modes between the chlorin
chromophores. In contrast, no such spectral changes were
observed for Chl, under identical conditions (Fig. 2b).

The temperature-dependent UV/Vis absorption spectra of
Chly (¢ = 100 uM) were analyzed by plotting changes in the
absorbance at the J-band maxima of 708 and 728 nm as a
function of temperature (Fig. S1, ESIf). Identical temper-
ature responses were observed at both wavelengths, yielding
non-sigmoidal curves. This result indicates that the two
J-bands originate from the same aggregate species. Such
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Fig. 2 (a) and (b) Changes in the UV/Vis absorption and (c) and (d) CD

spectra of (a) and (c) Chlg (100 uM) and (b) and (d) Chl,, (300 uM) upon

cooling from 100 to 20 °C at a rate of 1 °C min~* in MCH.

temperature-dependent aggregation behavior is characteristic
of a nucleation-elongation (cooperative) supramolecular poly-
merization mechanism. During the cooling process, the elon-
gation temperature (T.) was observed at approximately 57 °C
(Fig. S1b and c; blue lines, ESIt). In contrast, the subsequent
heating measurement exhibited a similar non-sigmoidal curve
but with a substantially elevated 7. at 82 °C (Fig. S1b and c; red
lines, ESIt). Such pronounced thermal hysteresis indicates that
the aggregation of Chly during the cooling process is under
kinetically controlled. Therefore, we analyzed the heating curves
recorded at various concentrations using the nucleation-elonga-
tion model'® and obtained thermodynamic parameters from a
van’t Hoff analysis. The standard enthalpy (AH°) and entropy
(As°) for Chly were determined to be —194 kJ mol ' and
—472 ] mol " K, respectively (Fig. S2, ESIf). The obtained AS°
value is significantly larger compared to those reported for
analogous compounds.'®?* This result strongly suggests that
the self-assembly process of Chly involves an intramolecular
folding process. In stark contrast, the supramolecular polymeriza-
tion of Chl,, unable to involve a folding process, did not exhibit
the features of a cooperative mechanism, as indicated by the
heating and cooling curves (Fig. S3, ESIT).

In the CD measurements, both compounds were nearly
CD-silent at 90 °C, exhibiting significantly limited Cotton
effects. Upon cooling to 20 °C, the Chly solution displayed a
bisignate CD couplet with a zero-crossing point at 719 nm,
featuring a negative peak on the longer wavelength side and a
positive peak on the shorter wavelength side (negative/positive
Cotton effect, Fig. 2c). The zero-crossing point does not coin-
cide with either of the Q, absorption maxima. Given that a CD
signal becomes weakly negative around 690 nm (shown by the
arrow), the observed CD spectrum is likely a superposition of
two excitonic couplings:>*** strong negative/positive Cotton
effects arising from the long-wavelength J-band, where exci-
tonic coupling is stronger, and weaker positive/negative Cotton
effects from the short-wavelength J-band, where excitonic cou-
pling is comparatively weaker. According to the exciton chirality
rule,>>?° the dominant (stronger) Cotton effect suggests the
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predominant involvement of a left-handed helical stacking
arrangement of the chlorin units. In contrast, Chl,, remained
nearly CD-silent even at 20 °C, consistent with the UV/Vis
absorption result (Fig. 2d).

Atomic force microscopy (AFM) provided unambiguous
evidence for the distinct self-assembly properties of Chly and
Chl,,. Solutions of each compound in MCH were first cooled to
induce self-assembly, subsequently spin-coated onto highly
oriented pyrolytic graphite (HOPG) substrates, and then
imaged by AFM. For Chly, a well-developed network of fibrous
aggregates was observed (Fig. 3a and Fig. S4, S5, ESIt). High-
resolution imaging revealed that the fibers were bundled
together during self-assembly (Fig. 3b), and the thinnest fibers
within these bundles had widths of approximately 5.2 nm
(Fig. 3d). This value is significantly smaller than the estimated
length (ca. 7 nm) of Chly in an extended conformation but
closely matches its length in a folded conformation with ca.
5.6 nm (Fig. 1a, upper), suggesting that the molecules adopt the
folded conformation within the fibers. Furthermore, periodic
grooves inclined at an angle of 36° relative to the short axis of
the fibers were observed along the long axis of the fibers
(Fig. S6a, ESIt). The thickness (height) measured at the groove
positions was approximately 3.0 nm, while that at the inter-
groove regions was measured to be around 3.5 nm (Fig. Séb,
ESIT). These features strongly support a model in which Chly
assembles into helically stacked fibers (Fig. 1a, lower). The
helices exhibited an exclusively left-handed twist, with a helical
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Fig. 3 (a)-(c) AFM images of aggregates spin-coated immediately after
cooling MCH solutions of (a) and (b) Chlg (100 uM) and (c) Chl,, (300 puM)
from 100 to 20 °C at a rate of 1 °C min~2. Inset in (b) shows the magnified
view of the area surrounded by a dashed square in (b); the white arrows in
the inset of (b) show the left-handed helicity of a nanofiber. (d) and (e) AFM
height analysis of Chly nanofibers along the (d) red and (e) yellow arrows
in (b).
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pitch of approximately 5.1 nm, as determined by height profil-
ing along the fiber long axis (Fig. 3e). This handedness is
consistent with the supramolecular chirality inferred from CD
spectroscopy. In sharp contrast, Chl,, exhibited only ill-defined
aggregates even at concentrations as high as 300 uM, lacking
any discernible fibrous morphology (Fig. 3c and Fig. S4c, d,
ESIt). These results suggest that dimerization of chlorophyll
molecules plays a pivotal role in significantly enhancing their
propensity for supramolecular polymerization.

To investigate the role of the amide group in the self-
assembly of Chlg, FT-IR spectroscopy was performed on its
fibrous aggregates in MCH and compared with the spectrum of
its monomeric state in THF (Fig. 4).>” The spectrum of the MCH
solution showed significant shifts in the N-H and C=O
stretching vibrations of the amide groups compared to the
THF solution, namely from 3575/3505 to 3300 cm ™, and from
1655 to 1633 cm ™, respectively (Fig. 4, upper). In contrast, the
two C=O stretching vibration bands of the 17%-ester and
13-keto groups showed only small shifts (1738/1702 — 1740/
1693 cm '), suggesting that these groups are not significantly
involved in intermolecular interactions. In contrast, Chl,,
exhibited considerably smaller shifts (3575/3505 — 3350 cm™ ')
in the amide N-H stretching vibrations. The amide C=O
stretching vibration displayed a shift to higher wavenumber
(1665 — 1677 cm "), which can be attributed to solvent effects
(Fig. 4, lower). These findings indicate a weaker involvement of
the amide group of Chl, in directional hydrogen bonding.
Furthermore, considerable broadening was observed for both
the ester- and keto-derived C=O stretching bands of Chl,,,
implying the presence of multiple, less specific hydrogen-
bonding interactions. These results suggest that while Chlq4
forms highly ordered aggregates through well-defined hydro-
gen bonds between amide groups, Chl,, tends to form less
ordered assemblies stabilized by a broader range of hydrogen
bonding motifs.

The findings described above clearly demonstrate that the
dimerization of chlorophyll molecules significantly enhances
the propensity for supramolecular polymerization. Our
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Fig. 4 FT-IR spectra of Chly (c = 200 uM, upper) and Chl,, (c = 1.2 mM,
lower) in THF (dashed lines) and MCH (solid lines).
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combined spectroscopic and AFM analyses strongly suggest
that Chly initially undergoes left-handed intramolecular fold-
ing prior to aggregation. This folding event is likely crucial in
facilitating both intra- and intermolecular chiral J-type stacking
interactions among chlorin chromophores. Moreover, FT-IR
spectral analysis indicates that the two amide groups in Chly
participate in hydrogen-bonding interactions, likely involving
distinct intra- and intermolecular interactions (Fig. 1a).

However, the above finding poses a fundamental question: if
folding indeed occurs within Chly, the n-surfaces and amide
hydrogen bonding sites available for one-dimensional stacking
should theoretically be equivalent to those in the Chl,. Thus,
why is it that only Chly successfully aggregates into one-
dimensional supramolecular polymers? We propose that this
remarkable difference arises specifically due to the intra-
molecular folding effect. Folding effectively rigidifies the mole-
cular conformation, particularly stabilizing the otherwise
flexible side chains bearing amide groups. This structural
preorganization significantly promotes efficient intermolecular
associations. Although the initial entropy loss associated with
supramolecular polymerization via intramolecular folding is
considerable, the subsequent nucleation and elongation steps
become kinetically more favorable for Chly relative to Chl,,, due
to the preorganized, folded conformation of the former.

To further validate whether this dimerization approach can
be generalized to structurally analogous porphyrin derivatives,
we synthesized Pory and Por,, (Fig. 1b and Scheme S2, ESIY)
and compared their self-assembly behaviors. Temperature-
dependent absorption spectroscopy revealed a notable hypo-
chromic shift of the Soret band upon cooling, exclusively for
Pory, strongly indicative of aggregate formation (Fig. S7, ESIt).
Consistent with these spectroscopic observations, AFM imaging
showed that while Pory, produced only amorphous aggregates
(Fig. S8, ESIf), Porq formed well-defined cylindrical fibers
(Fig. S9, ESIt). Although the pronounced aggregation propen-
sity of Porg fibers resulted in limited dispersibility, notably,
AFM observations revealed a gentle twisting of the fiber but did
not reveal any distinct helical morphology. This finding sug-
gests that the inherent chiral centers at the 17 and 18 positions
in the chlorin ring are essential for the emergence of uniform
helical morphology in Chly fibers.

In conclusion, this study demonstrates that dimerization of
chlorophyll and porphyrin molecules designed to adopt folded
conformations effectively promotes their self-assembly beha-
vior. Particularly in the case of chlorophyll derivatives, mole-
cular chirality originating from the intrinsic asymmetry of the
chlorin framework is transmitted to the supramolecular level,
thereby enabling the formation of helically biased supramole-
cular polymers. We are currently extending this strategy to the
zinc complex of these molecules, and preliminary results
indicate that introducing additional interaction sites leads to
even more complex self-assembly behavior. These findings will
be reported in due course.
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